The transient behaviors of oscillatory double diffusive convection of a binary gas mixture in a porous enclosure subject to opposing thermal and compositional buoyancies are investigated numerically by employing the SIMPLE algorithm. Effects of two important parameters, the solutalto-thermal buoyancy ratio N and the solid-to-fluid heat capacity ratio σ, on the heat and mass transfer characteristics are studied. Steady oscillations occur for σ = 0.9 and N = 0.85~1.00, and σ = 1.0 and N = 0.75~0.95 as a result of the interaction between thermal and solutal buoyancy forces. For N < 0.75, the solutal buoyancy force is too small, and the flow oscillates initially and reaches the steady state after the transient period. For N >1.0, the flow is dominated by the solutal effect, and always circulates in the counter-clockwise direction. Therefore no oscillation occurs. For fixed σ, the frequency of oscillation decreases as N is increased due to reduced net buoyancy force.
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Time-averaged Nu and Sh also decrease as N is increased as a result of reduced convection effects. 
Introduction
Oscillatory double diffusive natural convection has attracted some attention recently; for example, Feonychev (1995) , Tang and Hu (1995) , Nepomnyashchy and Simanovskii (1995) , Lee and Chun (1997) , Nishimura et al. (1997) , and Wang and Kahawita (1998) . It has wide industrial applications such as physical and chemical vapor transport processes (Komiyama, 1990) , and crystal growth (Lee and Chun, 1999; Nishimura et al. 1992) . Jiang et al. (1998) experimentally investigated natural convection in a shallow enclosure filled with electrolytic solutions of high Lewis numbers subjected to horizontal thermal and solutal gradients. Multilayer, secondary cell and mixture flow structures were observed for different buoyancy ratios. Similar results were also discovered by Weaver and Viskanta (1991) with low Lewis number in binary gases. It showed that the flow was unsteady and oscillating for opposing gradient cases. Bergman and Hyun (1996) numerically studied double diffusive convection in liquid metals with low Prandtl numbers and their results showed a highly oscillatory behavior at relatively large Rayleigh number and buoyancy ratio. The effect of buoyancy ratio on the flow structure was investigated numerically by Tatsuo et al. (1998) . Their numerical solutions predicted that oscillatory double diffusive convection with a secondary cell could only occur when the buoyancy ratio was in the neighbourhood of 1.0 approximately. The period of the oscillation was found to be the same for different buoyancy ratio while keeping other parameters constant.
The mechanism of the oscillatory flow is explained by Tseng and Tseng (2005) . They also studied the effects of magnetic field and the Rayleigh number on the heat and mass transfer characteristics. Although a few works have been done on the oscillatory double diffusive convection in porous media, many important questions still remain unanswered. The present work will focus the effects of the solid-to-fluid heat capacity ratio and the buoyancy ratio on the heat and mass transfer characteristics and the oscillation frequency. 
Mathematical model
The schematic diagram of the flow configuration is shown in Figure 1 . The porous cavity is of width W and height L, and filled with a viscous, incompressible and Newtonian fluid. The fluid is a binary mixture of gases. The temperatures T h and T l are uniformly imposed along the left and right walls and the top and bottom walls are assumed to be adiabatic and impermeable to mass transfer. The Boussinesq approximation is employed in this work. The conservation equations for the porous cavity are based on a non-Darcian model, incorporating the Brinkman and Forchheimer extensions to account for viscous and inertia effects, respectively. The dimensionless governing equations for the system under consideration can be expressed as
x-momentum equation:
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y-momentum equation: 
Energy equation:
The dimensionless initial and boundary conditions are η = 0:
The Nusselt and Sherwood numbers are averaged and evaluated along the left boundary of the enclosure and expressed as
Numerical procedure and validation
Computations are performed numerically to solve equations (1)-(5). The SIMPLEC algorithm is employed. Grid independence test is performed by using 61×121, 81×161 and 101×201 grid-point systems. Results show that 81×161 is adequate and is used in this work. The time step size is set at 10 -4 .
The accuracy of the present unsteady numerical code is further checked by comparing with the results of Rudraiah et al. (1995) for Gr at 2×10 6 and Pr at 0.733 without the presence of the porous medium. Their model was based on finite-difference method. Results of the average Nusselt number Nu vs. time η for different Hartmann number are shown in Figure 2 . For all Ha cases, the present results agree very well with previous ones.
Results and discussion
Because the effects of the Prandtl number Pr, Lewis number Le, and aspect ratio A have been studied previously; the attention of this work will be given to the combined effects of the heat capacity σ and buoyancy ratio N. In this work, Pr is fixed at 1.0, Le at 1.0, ε at 0.6, Da at 10 -3 , Ra T at 10 6 and A at 2.0.
In this section, representative numerical results of Nu on the hot wall for various values of σ and N will be reported. For magnetic fluids, the value of σ is usually smaller than one. 
Figure 2 Validation results
The effects of the buoyancy ratio on Nu at σ =1.0 are presented in Figure 3 . For N = 0.70, the flow oscillates initially. But the oscillation gradually dies out and the value of Nu approaches 3.37. As N is increased to 0.75, the oscillation does not go away after the initial transient period and oscillates at constant frequency. Periodic oscillation occurs for N = 0.75 to 0.95. For N = 1.00, the flow is unstable, and no regular oscillation can be found. For N = 1.10, the initial oscillatory period does not even occur and the flow reaches stable state rapidly. Figure 4 The temperature contours and velocity vectors at points a, b, c and d marked in Figure 3 for the N = 0.80 case.
Referring to Figure 4 , the mechanism of the oscillatory flow can be explained as follows. Initially (point a), the fluid near the left hot wall is heated and moves upwards due to the thermally induced buoyancy force. A large clockwise circulation occupies the whole domain. At point b, as high temperature region extends to the region near the right cold wall, an upward thermal buoyancy force is developed in that region. The circulation slows down due to this counter-directional buoyancy force. At some point, the combined counter-clockwise thermal buoyancy force and solutal buoyancy force become greater than the clockwise thermal buoyancy force and the circulation reverses its direction. As time proceeds (point c), the counterclockwise circulation grows to its maximum that forms a large cell in the central portion. Two smaller cells exist near the left and right walls. Finally (point d), the high temperature region recedes back to the left side, and the induced buoyancy force near the right wall diminishes. The flow gradually returns to one large single cell in the clockwise direction. The process is repeated thereafter.
For N = 0.70, the compositional buoyancy force is too small to sustain a periodic oscillation. For N = 1.00, the thermal and compositional buoyancy forces are approximately equal in strength. The oscillation is unstable and no constant period can be found. For N > 1.0, the flow is dominated by the solutal effects. Therefore, the flow is always in the counter-clockwise direction. Figure 5 shows similar results for σ = 0.9. Unlike the σ =1.0 case, periodic oscillation can be found for N = 0.85 to 1.00. For smaller σ, less thermal energy is transported with the fluid motion.
Therefore, the upward thermal buoyancy force developed near the right cold wall is smaller. Thus, it is more difficult for the oscillation to occur, and hence the higher N values. When the oscillation does occur, it is weaker for smaller values of σ . The variation of the frequency of the periodic oscillation with the buoyancy ratio N for both σ =1.0 and 0.9 cases is presented in Figure 8 . The oscillation frequency decreases as N is increased. As N is increased, thermal buoyancy force decreases while solutal buoyancy force increases. As a result, the net upward buoyancy force near the left hot boundary decreases, and hence the speed of the circulation. It takes longer time for the hot fluid to be transported to the cold right boundary, and longer time for the counter buoyancy force to develop. Therefore, the period is longer and the frequency is lower. Figure 9 shows the effects of the buoyancy ratio N on time-averaged Nu and Sh. As N is increased, both Nu and Sh decrease due to reduced net buoyancy force as explained in the previous paragraph. 
Conclusions
The transient and oscillatory behaviours of double diffusive convection of a binary gas mixture in a porous enclosure subject to opposing thermal and solutal buoyancies are investigated numerically by employing the SIMPLE algorithm. Effects of two important parameters, the solutal-to-thermal buoyancy ratio N and the solid-to-fluid heat capacity ratio σ, on the heat and mass transfer characteristics are studied. Steady oscillations occur for σ = 0.9 and N = 0.85~1.00, and σ = 1.0 and N = 0.75~0.95 as a result of the interaction between thermal and solutal buoyancy forces. For N < 0.75, the solutal buoyancy force is too small, and the flow oscillates initially and reaches the steady state after the transient period. For N >1.0, the flow is dominated by the solutal effect, and always circulates in the counter-clockwise direction. Therefore no oscillation occurs. For fixed σ, the frequency of oscillation decreases as N is increased due to reduced net buoyancy force.
